IntroductIon
Invasive species have caused great economic and ecological damage (Pimentel et al. 2005) , motivating efforts to minimize or eliminate threats. Pesticide application and physical removal are two strategies commonly used to control invasive species, sometimes with only limited knowledge of the species ecology or life history (Simberloff 2003) . Physical removal (e.g., harvest via traps or nets) may be considered more socially acceptable than other options, even when success is uncertain (Thresher and Kuris 2004) . The effects of harvest on a population depend on the proportion of the population removed (exploitation) and the relation between the number of adults not removed (stock size) and number of offspring that they produce (recruitment; Haeseker et al. 2003 . Stock-recruitment relationships are an important consideration in design and evaluation of control strategies (Tsehaye et al. 2013), Evaluating harvest-based control of invasive fish with telemetry:
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Abstract. Physical removal (e.g., harvest via traps or nets) of mature individuals may be a cost-effective or socially acceptable alternative to chemical control strategies for invasive species, but requires knowledge of the spatial distribution of a population over time. We used acoustic telemetry to determine the current and possible future role of traps to control and assess invasive sea lampreys, Petromyzon marinus, in the St. Marys River, the connecting channel between Lake Superior and Lake Huron. Exploitation rates (i.e., fractions of an adult sea lamprey population removed by traps) at two upstream locations were compared among three years and two points of entry to the system. Telemetry receivers throughout the drainage allowed trap performance (exploitation rate) to be partitioned into two components: proportion of migrating sea lampreys that visited trap sites (availability) and proportion of available sea lampreys that were caught by traps (local trap efficiency). Estimated exploitation rates were well below those needed to provide population control in the absence of lampricides and were limited by availability and local trap efficiency. Local trap efficiency estimates for acoustic-tagged sea lampreys were lower than analogous estimates regularly obtained using traditional mark-recapture methods, suggesting that abundance had been previously underestimated. Results suggested major changes would be required to substantially increase catch, including improvements to existing traps, installation of new traps, or other modifications to attract and retain more sea lampreys. This case study also shows how bias associated with telemetry tags can be estimated and incorporated in models to improve inferences about parameters that are directly relevant to fishery management. especially those that target mature adults (Dawson and Jones 2009 ). The ability to precisely and accurately estimate stock size and the proportion of a population removed by a control tactic, such as harvest, is critical to determine whether that tactic is likely to have a desired effect on future recruitment. Therefore, unbiased estimates of exploitation and abundance are needed as a first step toward strategies that target adults, including strategies that use traps.
Fine-tuning control strategies or developing more costeffective or socially acceptable alternatives to chemical control strategies may require information about the spatial distribution of a population over time (Simberloff 2003) . Although the spatial distribution of a fish population can be difficult to measure with conventional gears (e.g., nets and traps; Lucas and Baras 2000) , telemetry can show distributions of a fish population over large spatial and temporal scales (Hockersmith and Beeman 2012, Cooke et al. 2013 ) and has increasingly been used to direct invasive species control efforts (DeGrandchamp et al. 2008 , Bajer et al. 2011 , Taylor et al. 2012 . The ability to observe tagged individuals using autonomous telemetry receivers concurrently at several locations offers great potential to evaluate control and assessment strategies with higher resolution than could be achieved with conventional sampling gears. For example, Holbrook et al. (2014) used acoustic telemetry to show that exploitation (i.e., proportion of population removed with traps) of invasive, adult sea lampreys, Petromyzon marinus, was limited primarily by local trap efficiency (i.e., the proportion of those available to a trap that were actually caught) and, secondarily, by availability to traps (i.e., proportion of the population that visited trap sites). When evaluated at the drainage scale, estimates of exploitation, availability to traps, and local trap efficiency provide an intuitive basis for evaluating traps, prioritizing improvements among traps, and identifying locations for new traps. We describe use of acoustic telemetry to determine the current and potential role of traps for control and assessment of invasive sea lampreys in the St. Marys River, the waterway that connects Lake Superior and Lake Huron and one of the largest producers of parasitic sea lampreys in the Laurentian Great Lakes basin.
The Great Lakes have been drastically altered by establishment of non-indigenous fishes during the last century (Christie 1974) and future invasions are expected (Mills et al. 1993 , Kolar and Lodge 2002 , Rixon et al. 2005 , Herborg et al. 2007 ). The arrival of sea lampreys through shipping canals in the early 1900s contributed to extirpation of several species, including the top predator, lake trout, Salvelinus namaycush, from three of the five lakes (Smith and Tibbles 1980, Hansen 1999) . Since the 1950s, sea lamprey populations have been suppressed by application of pesticides that selectively target larval sea lampreys in streams. Barriers (low-head dams and electric weirs) have been used to block adult sea lampreys from stream spawning habitat and, where trapping was feasible, to capture and remove adult sea lampreys prior to spawning. Between 1997 and 2011, thousands of sterilized male sea lampreys were also released into the upper St. Marys River to suppress sea lamprey reproduction by competing with fertile males . A recent goal of the sea lamprey control program in the Great Lakes has been to increase effectiveness of traps and barriers (McLaughlin et al. 2007 ), ideally to the point that they could contribute to the control strategy or replace chemical treatments.
Adult sea lamprey abundance estimates, derived from mark-recapture, have been used to assess control program success and to guide control strategies that depend on stock size, but critical assumptions of abundance estimators have not been tested. Contemporary estimates of the theoretical reduction in sea lamprey recruitment attributable to traps and sterile-male releases have been based on adult abundance estimates obtained using a time-stratified mark-recapture method similar to the one described by Schaefer (1951) but modified (hereafter, modified Schaefer) for use at a single trapping location at an upstream barrier used for both initial capture and recapture of marked individuals . Unbiased estimates require the assumption that the probability of capture does not differ between marked and unmarked individuals (Pollock et al. 1990 ), but the use of the same type of traps at one location for initial capture and recapture introduces the potential for possible violation of the assumption. Accurate streamspecific adult abundance estimates are needed for the control program, but the equal catchability assumption has not been rigorously or broadly evaluated.
Our objectives were to determine (1) if acoustic telemetry was a useful tool for sea lamprey population assessment, (2) if sea lamprey harvest (exploitation) was limited by local trap efficiency, trap location, or both, and (3) if trap-based adult sea lamprey abundance estimates were biased due to violation of assumptions. To address our objectives, we (1) tested assumptions required to estimate local trap efficiency, availability to traps, and exploitation from telemetry data, (2) estimated the proportion of the adult sea lamprey population in the St. Marys River that were caught in traps (i.e., exploitation rate), (3) estimated the proportion of the population present at each trap location (i.e., availability), (4) estimated local efficiency of each trap (i.e., number of sea lampreys caught as a proportion of those available), and (5) estimated the number of adult sea lampreys present (i.e., abundance) near each trap and for the entire system. These objectives addressed questions critical for understanding the importance of traps to sea lamprey control and assessment, and for predicting outcomes of alternative strategies.
Methods

Study site
The St. Marys River flows from Lake Superior into Lake Huron through a complex of braided channels and lakes (Fig. 1) . Adult sea lampreys may enter the St.
Marys River from the main body of Lake Huron or from the North Channel. The upper St. Marys River and three tributaries to the northern channel, the Root, Echo, and Garden rivers, have been regularly treated with lampricides. Semi-permanent and portable sea lamprey traps, all attached to barriers, have been operated each year in the upper St. Marys River near Sault Ste. Marie (hereafter, "upper St. Marys River") and at a low-head dam in the Echo River (Fig. 1) . Typical discharge ranges 1100-3100 m 3 /s in the St. Marys River and 1-3 m 3 /s in the Echo River.
Fish tagging and release
Adult sea lampreys were collected from traps in tributaries to northern Lake Huron (Cheboygan River) and Lake Michigan (Manistique River, Peshtigo River), and implanted with an acoustic tag, coded-wire tag, or both. All sea lampreys implanted with an acoustic tag will be referred to as acoustic-tagged, even if they were also implanted with a coded-wire tag, and sea lampreys fitted only with a coded-wire tag will be referred to as codedwire-tagged. Collection from barrier-integrated traps in other rivers was necessary because no other capture methods could provide adequate sample sizes. Use of sea lampreys from other rivers was not expected to affect migration behavior in the St. Marys River, because sea lampreys do not home to natal streams (Bergstedt and Seelye 1995) . Tagged sea lampreys were released at one of two locations ( Fig. 1): (1) at a narrow point in Munuscong Lake about 45-60 river km (rkm) downstream of the traps in the upper St. Marys River (depending on route) and about 60 rkm downstream of the Echo River trap, and (2) Acoustic-tagged sea lampreys ranged 410-610 mm in length (mean 504 mm) and 131-498 g (mean 270 g) in weight. Acoustic tags (model V9-2H and V9P-2H; Vemco, Halifax, Nova Scotia, Canada) transmitted uniquely coded signals every 40-80 s at a frequency of 69 kHz and power level of 151 dB (re 1 μPa at 1 m). V9-2H tags were 9 mm in diameter, 29 mm long, weighed 4.7 g in air (2.9 g in water), and had an expected minimum tag life of 80 d. V9P-2H tags were 9 mm in diameter, 47 mm long, weighed 6.4 g in air (3.5 g in water), and had an expected minimum tag life of 101 d. We . Sea lampreys spawn only once and die after spawning. Size and battery life differences between tag models were due to integrated pressure transducers in V9P-2H tags that provided depth at time of detection, although depth data were not used in this manuscript. Tag mass was 1.1-3.6% (median, 1.8%) of body mass for sea lampreys implanted with V9-2H and 1.3-4.5% (median, 2.4%) of body mass for sea lampreys implanted with V9P-2H tags. We are not aware of specific guidance for tag-body-mass ratios for adult sea lampreys but tested the assumption that tags did not affect survival or behavior after release (see Assumptions). Before surgery, each sea lamprey was anesthetized by immersion in 0.2 mL/L clove-oil solution. Acoustic tags were implanted using methods described by Holbrook et al. (2014) . During 2011 and 2012, a minimally invasive (diameter, 0.25 mm; length, 1.1 mm), uniquely numbered, coded-wire tag (Northwest Marine Technology, Shaw Island, Washington, USA) was injected into the dorsal musculature of 490 acoustictagged sea lampreys (348 in 2011; 142 in 2012; Appendix S1: Table S1 ) to allow evaluation of acoustic tag retention (see Assumptions). Sea lampreys were allowed to recover in an aerated tank for at least 48 h prior to release. Acoustic-tagged sea lampreys were released in groups of 49-68 sea lampreys with roughly equal sex ratios at each location on three dates during late spring 2010, 2011, and 2012 (Appendix S1: Table S1 ).
To compare recovery rates of acoustic and coded-wiretagged sea lampreys in traps, each group of acoustictagged sea lampreys released in 2011 and 2012 was paired with a release of 50 sea lampreys (equal sex ratio; Appendix S1: Table S1 ) that were injected only with coded-wire tags, as described previously. Coded-wiretagged sea lampreys were taken from the same source and were stored, handled, and transported the same as acoustic-tagged sea lampreys, but were not anesthetized or implanted with an acoustic tag. To minimize handling of sea lampreys that were not anesthetized, length was not measured and sex was determined based on external morphological assessment. Mass of coded-wire-tagged sea lampreys ranged 136-425 g in (mean, 257 g).
Tracking sea lamprey movements
Autonomous acoustic telemetry receivers (VR2W, Vemco, Halifax, Nova Scotia) were placed downstream of traps and adjacent to barriers in the St. Marys and Echo rivers to document arrival near traps (Fig. 1) . Each receiver recorded the unique identification number of each acoustic tag with date and time of detection for tagged fish in the vicinity. Two receivers, separated by about 350 m, were located in the Echo River about 12 rkm downstream of the Echo River trap. In the upper St. Marys River, 22-26 receivers, spaced 30-330 m, covered an area within 2.1 rkm downstream of traps. We tested the assumption that receivers covered the entire width of the river channel at each site (see Assumptions).
Capture of sea lampreys in traps
Sea lampreys were caught in barrier-integrated traps associated with shipping locks and hydroelectric generating stations in the St. Marys River and a small low-head dam in the Echo River. Traps were operated daily. Each sea lamprey collected was checked for presence of an acoustic or coded-wire tag using a metal detector (R-8000 tunnel detector; Northwest Marine Technology, Shaw Island, Washington, USA) designed for detecting codedwire tags and visually inspected for evidence of tagging (i.e., incision or sutures). When present, acoustic tags were removed for identification and to confirm that they were still transmitting. When coded-wire tags were suspected, sea lampreys were frozen (after removal of acoustic tag, if present) for future tag removal and identification. Each day, 10% of sea lampreys caught were marked with a weekspecific combination of fin clips (hereafter, marked) and released 1.5-3.5 rkm downstream of traps in the upper St. Marys River and about 10 rkm downstream of the trap in the Echo River. All other sea lampreys were removed from the system. Fin-clipped sea lampreys were used to estimate abundance and local trap efficiency relative to the release site using the modified Schaefer method.
Data analysis
Parameter estimation.-A probabilistic model of sea lamprey movement was fit to individual movement data, Munuscong Lake (h = 1) Sault Ste. Marie (k = 1) Echo River (k = 2)
North Channel (h = 2)
collected with acoustic telemetry, to estimate the proportion of the population available to each trap ( Fig. 2 ; see Appendix S1 for details). Local trap efficiencies were estimated from captures of tagged sea lampreys detected earlier near traps (i.e., available to traps). Availability and local trap efficiency estimates were combined to estimate the exploitation rate due to trapping, and further adjusted, based on comparison of recovery rates between acoustic and coded-wire-tagged sea lampreys, to account for biased recovery rates associated with acoustic tags.
The model was fit in a Bayesian framework, so inferences were based on posterior distributions, which were influenced by the observed data and prior knowledge about each parameter. No substantial prior knowledge was available for the parameters, so flat priors were used to reflect a priori uncertainty about model parameter values. The median of the posterior distribution of each parameter was used as a measure of central tendency because some posterior distributions were not symmetric. Uncertainty was quantified using 95% highest posterior density (HPD) intervals (Gelman et al. 2003 , King et al. 2010 . See Appendix S1 for a detailed description of statistical methods.
Availability to traps.-The number of acoustic-tagged sea lampreys detected near each trap site was used to estimate φ i,h,k , the probability that a sea lamprey moved from release site h (h = 1 for Munuscong Lake; h = 2 for North Channel) to trap site k (k = 1 for the upper St. Marys River; k = 2 for Echo River) during the ith year of the study (i = 1 for 2010; i = 2 for 2011; i = 3 for 2012). A third value for k (k = 3) represented sea lampreys that did not move to either trap site due to death or spawning elsewhere. Release groups were stratified by year, release site, sex, and release date. We assumed φ i,h did not differ between sexes or among release dates, based on auxiliary analyses (see Appendix S2). We excluded sea lampreys that were not detected in the lower river after release because we assumed that those sea lampreys (69/1092; 6.3% of total) were not representative of the unmarked, upstream-migrating population (see Appendix S1).
Local trap efficiencies.-The number of acoustic-tagged sea lampreys that were detected on telemetry receivers near each trap site and subsequently captured (determined by detection in coded-wire-tag scanners) were used to estimate p i,k , the probability that a sea lamprey was caught at trap site k during the ith year, given that it was present at that site. Release groups were stratified by year, trap, sex, and release date. For each release site during each year, p i,k was assumed to not differ between sexes, release sites, or among release dates, based on auxiliary analyses (see Appendix S2).
Assumptions.-In addition to specific distributional assumptions (see Appendix S1), we assumed (1) behavior, including movement and capture, of tagged and untagged sea lampreys was similar, (2) no acoustic-tagged sea lampreys passed telemetry receivers undetected, (3) no acoustic-tagged or coded-wire-tagged sea lampreys passed through scanners undetected, (4) no coded-wire or acoustic tags were expelled prior to spawning or capture, and (5) no acoustic tags failed (due to battery discharge or mechanical failure) prior to spawning or capture. Those assumptions are typical of telemetry studies, but rarely evaluated due to logistical difficulty or large costs.
To determine if Assumption 1 was violated by anesthesia, surgery, or presence of an acoustic tag in the body, we compared proportions of acoustic and coded-wiretagged sea lampreys recovered in traps in the upper St. Marys River. Specifically, we estimated θ i,h,t , the probability of recovering an acoustic-tagged sea lamprey (t = 2) as a proportion of the probability of recovering a coded-wire-tagged sea lamprey (t = 1). To estimate the proportional reduction in recovery associated with acoustic tags (hereafter, acoustic tag effect), the probability of recovering an acoustic-tagged sea lamprey (θ i,h,2 ) was defined as the product of the probability of recovering a coded-wire-tagged sea lamprey (θ i,h,1 ) and the acoustic tag effect (ω), such that θ i,h,2 = θ i,h,1 × ω. Release groups were stratified by year, release site, release date, and sex. θ i,h,1 was assumed to not differ between sexes or among release dates and ω did not differ between years, release sites, sexes, or among release dates, based on auxiliary analyses (see Appendix S2). Coded-wire-tagged sea lampreys were not released in 2010, so acoustic tag bias in 2010 was assumed to not differ from 2011 or 2012. Recoveries from the Echo River trap were not used to estimate ω because only 21 tagged sea lampreys were caught in that trap (Appendix S1: Table S1 ). The reciprocal of the acoustic tag effect, 1/ω, was defined as the odds of recovering a coded-wire vs. acoustic-tagged sea lamprey.
To determine if Assumption 1 was violated due to variables not associated with acoustic tags (e.g., sexual maturity of tagged vs. untagged sea lampreys), timing of recoveries was compared among acoustic-tagged, coded-wire-tagged, and unmarked sea lampreys. Comparisons were based on the assumption that all sea lampreys ascended the river prior to trap capture and remained in the river for some time (i.e., staging) before entering traps. Empirical cumulative distributions (ECDs) of daily captures were compared among groups within each year. To determine if differences between acoustic or coded-wire tagged and unmarked ECDs could have arisen from chance due to small sample sizes for tagged sea lampreys, acoustic and coded-wire tagged ECDs were compared to 95% confidence regions for unmarked ECDs. Confidence regions for unmarked ECDs were constructed from 10 000 simulated ECDs, each composed of a random draw of n i,k unmarked sea lampreys, with replacement, where n i,k was the number of acoustictagged sea lampreys captured at trap site k during year i.
Several methods were used to check for missed detections, tag loss, and premature failure (Assumptions 2-5). To determine if Assumption 2 was violated, detection probabilities on telemetry receivers were estimated as the proportion of sea lampreys detected on telemetry receivers they were known to have passed (i.e., due to detection or capture farther upstream). Assumption 3 was not tested directly, but as a follow-up to this study all available sea lampreys (more than 2400) from St. Marys River traps in 2013 were scanned a second time by an independent crew using an independent scanner of the same model. No coded-wire-tagged sea lampreys were detected during the second scan, so scanners in the St. Marys River were highly efficient. To determine if Assumption 4 was violated, all sea lampreys released with both an acoustic and coded-wire tag and subsequently caught in traps were checked for intact tags. Similarly, each acoustic tag was checked for operation after capture to test Assumption 5.
Exploitation.-The proportion of sea lampreys from each release location that were caught (exploitation rate) by each trap during each year, λ i,h,k , was estimated from acoustic-tagged sea lampreys as the product of availability and local trap efficiency for each combination of release (h) and trap sites (k) during each year (i), and adjusted for acoustic tag bias (ω), such
Adjustment for acoustic tag bias was applied to λ i,h,k , rather than to φ i,h,k and p i,k separately because the degree to which acoustic tag bias affected movement (φ i,h,k ), recovery (p i,k ), or both could not be estimated. Acoustic tag bias could have differentially affected estimates of local trap efficiency and availability, so we estimated biasadjusted availability and local trap efficiency, such that
, where ω was the estimated acoustic tag effect, and π was a scaling factor representing the proportion of acoustic tag bias applied to local trap efficiency. When π = 0 (i.e., ω 0 =1), local trap efficiency was not adjusted for acoustic tag bias, which was the case when only availability was affected by acoustic tag bias. Conversely, when π = 1 (i.e., ω 1 =ω), all acoustic tag bias was applied to local trap efficiency and none to availability. Finally, when π = 0.5, acoustic tag bias had proportionally equal effect on local trap efficiency and availability. Bias-adjusted φ′ i,h,k,π and p′ i,k,π were estimated for π ranging from 0 to 1 at increments of 0.05. Preliminary results from laboratory studies suggested that the magnitude of acoustic tag effect increased with time since tagging (C. Holbrook, unpublished data). Therefore, we assumed that time elapsed between release and arrival at trap sites (i.e., detection on receivers), and between arrival at trap sites and capture, provided indirect evidence of the relative effect of acoustic tag bias on estimates of availability (i.e., release-arrival) and local trap efficiency (i.e., arrival-capture).
Abundance near traps.-The number of adult sea lampreys present at each trap location during each year, N i,k (Fig. 2) , was estimated using a Peterson-type estimator (Seber 1982) , such that
, where C i,k were the number of unmarked sea lampreys caught, and p′ i,k,π were bias-adjusted estimates of trap efficiencies for trap k during year i, as described previously. To explore the sensitivity of abundance estimates to assumptions about the acoustic tag effect, N i,k,π was estimated for ω π ranging from π = 0 to π = 1 at increments of 0.05. Telemetry-derived abundance estimates were compared to estimates obtained using a time-stratified Schaefer model, where a subset of sea lampreys caught in traps each day were marked with a week-specific combination of dorsal fin clips and released downstream. The maximum likelihood estimate and coefficient of variation of abundance were estimated using the method described by Schaefer (1951) , except that barrier-integrated traps were used for capture and recapture, as described by Mullett et al. (2003) . To facilitate comparison of modified Schaefer estimates to telemetry-based estimates, Wald-type 95% confidence intervals for abundance were estimated by assuming that errors were log-normally distributed for modified Schaefer estimates. Maximum likelihood methods were used for the modified Schaefer model because those methods are used in the sea lamprey control program.
Abundance at release sites.-Reliable estimates of the number of unmarked sea lampreys that passed each release site in the lower St. Marys River were not possible because unmarked sea lampreys caught in traps represented an unknown mixture of sea lampreys that used each migration pathway through the lower river (Fig. 2) . The total number of unmarked sea lampreys that passed through the lower river (both release sites combined) during each year was estimated by expanding the number of unmarked sea lampreys caught in the upper St. Marys River by weighted bias-adjusted estimates of exploitation from each release site, such that
, where C i,1 was the number of unmarked sea lampreys caught in the upper St. Marys River, λ i,1,1 and λ i,2,1 were estimated proportions of sea lampreys that were released in Munuscong Lake and North Channel, respectively, and later caught in the upper St. Marys River, and ψ was the proportion of N * i that passed through Munuscong Lake (i.e., 1 − ψ was the proportion of N * i that passed through North Channel). If all unmarked sea lampreys in the St. Marys River had passed through Munuscong Lake, then the best estimate of N * i would be obtained when ψ = 1 and the converse would be true if all unmarked sea lampreys passed through the North Channel. To explore sensitivity of abundance estimates to assumptions about the proportion of sea lampreys passing through Munuscong Lake, N * i, was estimated for ψ ranging from 0 to 1 at increments of 0.05.
results
Mark-recapture assumptions
Effects of acoustic tags on probability of recovery in traps (Assumption 1).-Coded-wire-tagged sea lampreys were 1.26-2.74 times more likely to be recovered in traps than acoustic-tagged sea lampreys (95% HPD interval for 1/ω, median, 1.79; ω = 0.365-0.792; median, 0.558). Less time elapsed between release and arrival near trap sites than between arrival and capture (Fig. 3) , so acoustic tag bias affected estimates of local trap efficiency more than estimates of availability. Most (59 of 62) sea lampreys arrived near traps within 8.1 d after release (median ranged 3.3-5.6 d among traps and years), and were captured, on average, 24.7-32.8 d later (range of median duration among years) in the upper St. Marys River and 10.8 d after arrival in the Echo River (2011 only). Most tagged sea lampreys recovered in the Echo River spent less time at large than those recovered in the upper St. Marys River, so the acoustic tag effect in the Echo River may have been overestimated from recoveries in the upper St. Marys River.
Effects of variables other than acoustic tags on timing of capture (Assumption 1).-Differences in timing of trap
catches among unmarked, acoustic-tagged, and codedwire-tagged sea lampreys suggested that behavior of acoustic-tagged and coded-wire-tagged lampreys differed from unmarked lampreys, although differences were small (Fig. 4) . Acoustic-tagged and coded-wiretagged sea lampreys were caught earlier in the St. Marys River and later in the Echo River than would have been expected based on the number of acoustic-tagged sea lampreys caught and the cumulative catch of unmarked sea lampreys. Median capture dates of acoustic-tagged sea lampreys were 11.4 d earlier than unmarked sea lampreys in 2010, 5.2 d earlier in 2011, and 2.8 d earlier in 2012. In 2011 and 2012 (years when coded-wire-tagged sea lampreys were released), median capture dates for coded-wire-tagged sea lampreys were 4.3 and 0.1 d earlier than for unmarked sea lampreys. In all years, the earliest peaks of unmarked sea lampreys (i.e., steep segments of cumulative catch curves) were associated with larger catches of acoustic-tagged and coded-wire-tagged sea lampreys than would have been expected based on unmarked catches alone, especially in 2010. In the Echo River, catches of acoustic-tagged sea lampreys in 2010 and 2012 were insufficient for comparison to unmarked sea lampreys, but in 2011, median capture date of acoustic-tagged sea lampreys was 8.5 d later than for unmarked sea lampreys and 0.25 d earlier than for codedwire-tagged sea lampreys. In 2011, 45% of unmarked sea lampreys were caught before any acoustic or coded-wiretagged sea lampreys were caught, owing, in part, to release of tagged sea lampreys after the Echo River trap had begun catching unmarked sea lampreys.
Detectability on acoustic receivers (Assumption 2).-
Detectability on telemetry receivers was perfect. All 628 acoustic-tagged sea lampreys detected on telemetry receivers near traps (565 in the upper St. Marys River; 63 in Echo River) were also detected on telemetry receivers in the lower river, so no sea lampreys with a functional acoustic tag passed receivers undetected in the lower river. Among acoustic-tagged sea lampreys caught in the upper St. Marys River traps, 98% (53/54) were detected by telemetry receivers in the upper river. The only tag that was recovered but not detected in the upper river was not detected on any telemetry receiver during the study and was not transmitting when recovered. Presumably, that acoustic tag failed shortly after tag implantation and before that sea lamprey passed through the lower river. All nine sea lampreys recovered with acoustic tags in the Echo River trap were detected on receivers at that site.
Tag expulsion and premature failure (Assumptions 4 and 5
).-All acoustic and coded-wire tags were retained among 32 sea lampreys that were double-tagged and subsequently recovered in traps. Among 63 acoustic tags checked for acoustic tag operation after recovery in traps, Echo River
Release to arrival Arrival to capture 61 (97%) functioned correctly. One of the dead tags was detected on all telemetry receivers leading up to the trap, but was inadvertently frozen after the sea lamprey was caught, which may have caused the tag to cease operation prior to inspection. Assuming that tag operated properly until it was frozen, the rate of premature tag failure was low (1/63 = 1.6%). Moreover, the one clear case of premature failure (described previously) would not have affected parameter estimates because it was not detected on any telemetry receiver and, therefore, was omitted from the effective release sample size considered representative of the unmarked population.
Exploitation
After adjusting estimates for bias due to acoustic tagging, 4.0-22.5% (95% HPD intervals) of sea lampreys that migrated through Munuscong Lake were later caught in the upper St. Marys River (λ i,1,1 ) and 0.0-2.2% were later caught in the Echo River (λ i,1,2 ; Fig. 5) . Similarly, 2.5-20.7% (95% HPD interval) of sea lampreys that migrated through the North Channel were later caught in the upper St. Marys River (λ i,2,1 ) and 0.0-11.1% were later caught in the Echo River (λ i,1,2 ). For each trap location, estimates of exploitation could not be combined to form a single drainage-level exploitation rate for each trap because proportions of the drainage-wide adult sea lamprey population that passed each release location were unknown.
Availability to traps
During all years of the study and from both release sites, more sea lampreys were available to traps in the St. Marys River than in the Echo River, regardless of bias applied to availability (Figs. 5 and 6). As a greater proportion of tagging bias was applied to availability, point estimates of availability (posterior medians) increased and uncertainty also increased. When availability was not adjusted for tagging bias (i.e., π = 1), the proportion of sea lampreys available to traps in the St. Marys River ranged 0.629-0.686 for sea lampreys released in Munuscong Lake (φ i,1,1,π ) and 0.371-0.630 for sea lampreys released in the North Channel (φ i,2,1,π ) . Similarly, availability to the Echo River trap ranged 0.012-0.029 among years for sea lampreys released in Munuscong Lake (φ i,1,2,π ) and 0.019-0.207 for sea lampreys released in the North Channel (φ i,2,2,π ). When all tagging bias was applied to availability (i.e., π = 0), the proportion of sea lampreys available to traps in the St. Marys River ranged 1.123-1.226 for sea lampreys released in Munuscong Lake (φ i,1,1,π ) and 0.663-1.125 for sea lampreys released in the North Channel (φ i,2,1,π ). Availability cannot exceed 1.0, so estimates of φ i,1,1,π > 1.0 at small π (π represented the proportion of tagging bias applied to local trap efficiency; Fig. 6 ) suggested that large values of π were more plausible than small values of π. Similarly, availability to the Echo River trap ranged 0.021-0.051 among years for sea lampreys released in Munuscong Lake (φ i,1,2,π ) and 0.034-0.370 for sea lampreys released in the North Channel (φ i,2,2,π ) .
The proportion of sea lampreys available to traps in the upper St. Marys River were highly sensitive to the proportion of acoustic tag bias that was applied to local trap efficiency (vs. availability). Based on the assumption that the magnitude of an acoustic tag effect increased with time after release, acoustic tag bias had only a small effect on sea lamprey movement from release to trap sites because most sea lampreys arrived at trap sites within one week after release, but two to seven more weeks elapsed before sea lampreys were caught in traps. Therefore, lowest availability and highest local trap efficiency across the range of π is more plausible than the reverse (Figs. 5 and 6 ). 
Local trap efficiency
Local trap efficiency estimates were more precise in the upper St. Marys River than in the Echo River (Figs. 6 and 7) because few acoustic-tagged sea lampreys entered the Echo River. Point estimates and uncertainty increased as a greater proportion of tagging bias was applied to local trap efficiency. When local trap efficiency was not adjusted for tagging bias (i.e., π = 0), point estimates (posterior medians) of local trap efficiency ranged 0.081-0.111 for traps in the upper St. Marys River (p i,1,π ) and 0.00-0.214 for traps in the Echo River (p i,2,π ). When all tagging bias was applied to local trap efficiency (i.e., π = 1), point estimates (posterior medians) of local trap efficiency ranged 0.132-0.186 in the upper St. Marys River (p i,1,π ) and 0.00-0.373 in the Echo River (p i,2,π ).
In the upper St. Marys River, 95% confidence intervals of local trap efficiency derived from the modified Schaefer method did not overlap with 95% HPD intervals of local trap efficiency derived from releases of acoustic-tagged sea lampreys in the lower river (Fig. 6) . Estimates of local trap efficiency derived from acoustic telemetry were lower than mark-recapture estimates, regardless of biasadjustment method. In the Echo River, confidence intervals of local trap efficiency overlapped in all years, owing to small sample size and large uncertainty in telemetry-derived estimates of local trap efficiency.
Abundance
Upper St. Marys River.-When local trap efficiency estimates were not adjusted for acoustic tag bias (i.e., π = 0), adult sea lamprey abundance near traps in the upper St. Marys River ranged 51 894-151 607 sea lampreys in 2010 (N 1,1,π ; 95% HPD interval), 32 674-88 711 sea lampreys in 2011 (N 2,1,π ), and 56 380-113 574 sea lampreys in 2012 (N 3,1, π ) . Abundance decreased as the proportion of bias applied to local trap efficiency increased (Fig. 8) . When all acoustic tag bias was applied to local trap efficiency (i.e., π = 1), the estimated number of adult sea lampreys FIg. 7 . Estimated local efficiency of the adult sea lamprey trap in the Echo River (top row; dark black lines are posterior medians; shaded regions are 95% HPD intervals) and estimated proportion of sea lampreys that were available to the trap in the Echo River from each release site in the lower St. Marys River, as a function of the proportion of acoustic tag bias that was applied to local trap efficiency during 2010-2012. In top panels, dashed lines show 95% confidence limits around local trap efficiency estimates (light black lines within 95% CI) from the modified Schaefer method. 
dIscussIon
Results from this study highlight the importance of testing even the most basic assumptions of markrecapture and telemetry methods, and demonstrate how bias can be estimated and incorporated into models to improve inferences about parameters directly relevant to fishery management. The apparent negative effects of acoustic tags on behavior of adult sea lampreys added complexity to analyses and uncertainty to estimates of Adult sea lamprey abundance, in thousands Proportion of tagging bias applied to trap efficiency exploitation, availability, local trap efficiency, and abundance, but improved the accuracy of those inferences. Similar model adjustments could have been used to account for premature tag loss or failure (Cowen and Schwarz 2005 , Townsend et al. 2006 Holbrook et al. 2013 ) if evidence of those processes occurred. Preliminary laboratory studies suggested that the acoustic tag effect observed in this study was not related to anesthesia, incision, or presence of an object in the body cavity per se, but internal impingement related to tag diameter and longitudinal tag movement within the body cavity over time (C. Holbrook, unpublished data) . Those results are consistent with evidence that tag diameter and length are more important for anguilliform fishes (Moser et al. 2007a ) than the ratio of tag mass to fish mass, the most common criterion for telemetry tags (Jepsen et al. 2005 , Cooke et al. 2011 . These results also highlight the need to carefully evaluate tagging protocols for each species and life stage to improve accuracy and precision of inferences from tagged animals (Jepsen et al. 2002) . Small differences between timing of catches of tagged and untagged lampreys further suggest that other factors (not related to tagging or handling) affected behavior of tagged lampreys in this study. Future research should seek to understand how methods of selecting fish for tagging, maturation state, or prior experience might influence results from telemetry studies. Although harvest has been considered a major threat to anadromous sea lamprey populations in Europe (Almeida et al. 2002) , estimated exploitation rates for adult sea lampreys in the St. Marys River system were well below those needed to provide population control in the absence of lampricides and were substantially lower than previous estimates (Schleen et al. 2003 , Haeseker et al. 2007 ). Lower exploitation rates estimated in this study imply less effective control of adult sea lamprey reproductive success with traps or sterile male releases, a conclusion supported by a recent decision analysis (Jones et al. 2015) . Substantial increases in catch would require increasing availability to traps (e.g., trapping new locations or manipulating migration pathways), increasing local efficiency of traps (i.e., improving encounter, entrance, and retention; sensu Bravener and McLaughlin 2013), or both. In systems where barriers are close to stream mouths, like the Cheboygan River (Holbrook et al. 2014) , local efficiency of barrier-integrated traps limits exploitation more than availability. However, few rivers contain barriers, so trap-based control may require new technologies to efficiently capture sea lampreys in open channels (Holbrook et al. 2015) , preferably close to river mouths. Those technologies may be inspired by commercial or subsistence capture gears used to harvest anadromous sea lamprey (Almeida et al. 2002) or Pacific lamprey, Lampetra tridentata, (Moser et al. 2007b ) and could be evaluated with methods used in this study.
Availability estimates showed that traps in the upper St. Marys River have greater potential to provide population control, at the basin-wide scale, than traps in the Echo River. Greater availability to traps in the upper St. Marys River vs. traps in the Echo River was not surprising because discharge was about three orders of magnitude greater in the upper St. Marys River than in the Echo River. However, sea lampreys are often distributed broadly within watersheds (Kelso and Gardner 2000, Andrade et al. 2007 ) and distribution of adults among tributaries can change among years (Morman et al. 1980) , perhaps due to differences in larval abundance, flow, and water temperature. Variation in availability to traps among years suggested that the optimal trapping system may need to be dynamic and that several years of study may be required to identify suitable vs. North Channel (1-ϕ ) locations for new traps. Although causes of differences in availability among traps and years are not known, such variability among years offers some hope that if underlying causes can be understood, environmental modifications (e.g., pheromones, alarm substances, flows) might be used to improve availability to traps that are not in the primary migration route, attract sea lampreys toward and into efficient traps (Wagner et al. 2006 , Li et al. 2007 , Johnson et al. 2013 , or deter sea lampreys from entering tributaries without traps (Imre et al. 2010 , Wagner et al. 2011 .
Local trap efficiencies in the upper St. Marys River were lower than estimated for most other traps in the Great Lakes (Sullivan and Adair 2012) Bravener and McLaughlin (2013) found that only 12-13% of tagged sea lampreys encountered trap entrances, and of those, only 18-31% entered the trap. They concluded that improved trapping success may require moving traps to locations with higher encounter rates, deploying more traps to improve overall encounter rates, using attractants or repellents to improve encounter rates, and redesigning trap openings to encourage entrance.
Differences between local trap efficiencies derived from acoustic-tagged and fin-punched sea lampreys in the upper St. Marys River suggested that adult abundance has been underestimated in some locations with the modified Schaefer method. Consequently, lake-wide abundances may have been underestimated and estimates of suppression due to sterile male releases and traps may have been overestimated. One explanation for potential violation of the equal catchability assumption, offered by Bravener and McLaughlin (2013) , is that the barrier integrated traps capture a subset of the population that is predisposed to capture, owing to behavioral and physiological differences among individuals. Although our results in the upper St. Marys River were consistent with those of Bravener and McLaughlin (2013) , a recent study found no difference between telemetry-based and modified Schaefer estimates of local trap efficiency in the Cheboygan River (telemetry, 60%; modified Schaefer, 62%; Holbrook et al. 2014) . Evidently, violation of the equal catchability assumption can vary among rivers and traps possibly due to many variables (e.g., size, shape, and length of river; specific trap configurations; water temperature regimes), but has not been broadly evaluated among traps. Future research should seek to empirically evaluate the causes and consequences of capture heterogeneity.
Adult abundance estimates in the upper St. Marys River, derived using acoustic telemetry, suggested that the ratio of sterile males to fertile males, a key metric used to predict the efficacy of the sterile male release program , was smaller than previously assumed (Sullivan and Adair 2012) . The range of plausible abundance estimates obtained from acoustictagged sea lampreys suggested that the actual ratios of sterile to fertile males (telemetry-derived, 0.2-2.0 in 2010 and 0.4-3.6 in 2011) would have been lower than estimates based on the modified Schaefer model (1.4-2.2 in 2010 and 2.8-4.5 in 2011). While ample evidence exists, including in situ egg viability surveys conducted before and after 2011 Adair and Sullivan 2013 ) that releases of sterile males reduced the number of viable eggs in the upper St. Marys River, ratios based on acoustic telemetry suggest that the magnitude of the effect, and therefore the cost effectiveness, of sterile male releases was lower than previously expected. Ultimately, however, effects of sterile-male releases on recruitment to the parasitic life stage cannot be quantified because the magnitude of density-dependence during the larval life stage is unknown. In the St. Marys River, lampricide treatments (granular bayluscide) have contributed another source of uncertainty in the population-level effect of sterile-male releases on recruitment to the parasitic life stage. Rigorous evaluations of control strategies that influence reproductive success (spawning and hatching), including sterile male releases and removal of individuals via traps, not only require accurate estimates of adult sea lamprey abundance (stock size), but also require understanding variables that influence survival between hatching and metamorphosis.
Together, local trap efficiency and availability estimates suggest that trap-based control will require substantial advances in trapping technology, especially in systems as large and complex as the St. Marys River. Most trap designs have been motivated by the need for a barrier and attractant water flow to promote trap discovery and entrance but better understanding of the variables that influence behavior of adult sea lampreys between river entry and spawning are needed to more reliably design and operate highly effective sea lamprey traps over a broad range of conditions. Efforts to develop mechanistic movement models have proven useful for designing behavioral guidance systems for other fishes (Goodwin et al. 2006) . Although many animals do not show obvious changes in spatial distribution during their life cycle, most show seasonal habitat shifts that may be exploited. Until highly efficient trapping technologies can be developed and operated in locations where most sea lampreys are available for capture, low-head barriers and chemical control methods will remain the backbone of the sea lamprey control program.
